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We have used anterograde and retrograde tracing techniques to study the development of the postcommissural fornix in albino rats. The fornix reaches the caudal hypothalamus a day or two before birth. Before fornix axons can be seen entering the mamillary nuclei, a prominent contingent of the fornix can be followed beyond the mamillary bodies. This postmamillary component continues to grow into the midbrain and pontine tegmentum during the first postnatal week as the projection to the mamillary nuclei is being elaborated.
During the second and third postnatal weeks, the postmamillary component of the fornix becomes progressively smaller until it is completely eliminated. The cells of origin of this transient postmamillary component of the fornix are found within the subicular complex of the hippocampal region. Most, if not all, of the cells of origin of the postmamillary component of the fornix survive the period during which this projection is eliminated. Consistent with these observations is the interpretation that the axons of the fornix that eventually enter and arborize within the mamillary nuclei and are maintained in the adult, arise during development as interstitial collaterals from parent fibers, the distal portions of which are subsequently eliminated.
While not present in adult rats, a postmamillary component of the fornix has been described in other species, such as the cat (Nauta, 1958) . It would seem, therefore, that in this case the interspecific variations in projection patterns result from the differential elaboration and elimination of an initially quite similar pattern of connections.
During the course of a recent study of the transient pyramidal tract projection which arises in the occipital cortex of young rats (Stanfield and O'Leary, 1983 , we noticed that, in those few cases in which the injected anterograde tracer had spread through the white matter of the occipital cortex to involve the underlying subicular complex, substantial amounts of transported label could be followed through the postcommissural fomix. This, in itself, was not surprising, since it has been known for more than 10 years that the postcommissural fornix' arises in these retrohippocampal fields rather than in the hippocampus proper Cowan, 1975, 1977) . However, what was totally unanticipated was the finding that whereas in adult animals the postcommissural fomix extends only as far as the mamillary bodies, in animals in which the tracer had been injected during the first postnatal week and the animals killed a few days after, a large contingent of labeled fibers could be followed through the postcommissural fomix to well past the level of the mamillary bodies, into the midbrain and pontine tegmentum.
Since this projection is maintained in some species (for example, see Nauta, 1958) , the transient appearance of a postmamillary component of the fomix in young rats suggested to us an important general principle underlying the development of a major forebrain fiber system. Thus, we prepared a number of additional animals, utilizing anterograde tracing techniques, to determine the distribution of these transient fibers and the time course of their extension and subsequent disappearance, and retrograde tracing techniques, both in short-term survival experiments, to determine the cells that give rise to the postmamillary fibers and, in long-term survival experiments, to determine the fate of the relevant cells.
We have found that this postmamillary component of the fomix in rats is most prominent in the first postnatal week and that during the subsequent several days it progressively attenuates until it is no longer detectable during the third postnatal week. The cells of origin of these transient postmamillary fibers are found within the subicular complex; especially within the dorsal subiculum. Many, if not all, of these subicular cells survive well beyond the stage at which the postmamillary component of the fomix is eliminated. It would thus appear that cell death does not play a major role in the elimination of this transient projection and that its elimination principally involves the selective loss of axon collaterals.
Materials
and Methods Timed pregnant female albino rats of the Sprague-Dawley strain were obtained from Zivic Miller (Allison Park, PA). The day of insemination (EO) was used to determine fetal ages and the day of birth (PO) was used to determine postnatal ages. This study involves experiments utilizing anterograde axonal tracing methods as well as experiments in which the retrogradely transported tracer, Fast blue, was used.
I We use the term "fornix"
in the narrow sense of those components of the postcommissural fomix that arise within the hippocampal region, thereby excluding axons that may join the fornix but arise elsewhere.
Anterograde
tracing experiments processed during a previous study (Stanfield and O'Leary, 1985) but -F'eroxidu.w method. Wheat germ agglutinin conjugated to horseradish peroxidasc (WGA-HRP, from Triticum vulgaris. conjugated to peroxidase type VI, Sigma) was injected into the vicinity of the dorsal subiculum in 8 1 experiments. In most of these, 0.02-0.05 rl of a l-5% solution of the tracer was injcctcd into the brain through a 1 ~1 Hamilton syringe; however, in a few cases the WGA-HRP was dissolved as a 2% solution in PBS and iontophorcsed (5 PA for I5 min) through a glass micropipette with a tip diameter of 25 Frn. The smallest injections were made into the youngest animals, and increasingly larger injections were made with increasing age to maintain. as much as possible, a similar effective injection size. Eight animals were injected on E20. The pregnant female was anesthetized with chloral hydrate (3.5 mg/gm body weight) and placed on a heating pad. The lower abdomen was shaved and cleaned with alcohol. The distal portion of one uterine horn containing the distal-most fetus was gently manipulated through a midline incision and placed on gauze moistcned with warm saline. Care was taken at all times to keep the uterus moist with warm saline. A small (3-4 mm) incision was made in the uterus over the head of the fetus. The head of the fetus was pulled through the incision and hand held while a 1 ~1 Hamilton syringe needle was passed through the fetal membranes and the skull and the injection was made. The fetus was then gently returned to the uterus and the uterine incision sutured closed. The same procedure was then followed on the next fetus. Following the injections, the abdominal muscles of the mother were sutured and the skin incision closed. Sixteen to 24 hr later the mother was reanesthetized, the abdominal incision was reopened and the fetuses were removed one at a time for perfusion.
Seventy-three animals were injected at ages ranging from PO to P30. Animals younger than P8 wcrc anesthetized with open ether, while the older animals were anesthetized with choral hydrate. The younger animals were hand held and the older animals were stabilized in a stcreotaxic dcvicc while a small incision was made in the scalp and a small hole was made in the skull overlying the dorsal subiculum. After the injection the animals were allowed to recover on a heating pad before being rctumcd either to their mother or, in the case of weanlings and older animals, to their cages. Sixteen to 28 hr later the animals were reanesthetized and perfused through the aorta first with 0.9% saline and then with 0.5% paraformaldehyde/2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.3). The brains were removed and stored at 4°C in 10% sucrose in 0.1 M phosphate buffer. The brains were frozen-sectioned (usually sagittally, but in some cases, coronally) at 50 pm. For the young brains every section was taken, but for the older animals, a one-in-three or a one-in-five series of sections was mounted on gelatin-subbed slides and processed for TMB histochemistry (Mesulam, 1978) . Before the final postreaction rinse, the sections were counterstained with a modified Richardson's stain (Richardson et al., 1960) . After drying overnight, the sections were rapidly dehydrated in 100% ethanol, cleared in xylcnes, and coverslipped with DPX. The slides were stored in the dark, at 4°C. A few of these cases were taken from our previous study of the transient occipital corticospinal projection (Stanfield and O'Leary, 1985) but most were newly prepared.
Most of the brains were processed for parafhn sectioning. Follow-ing dehydration, these brains wcrc cleared in amyl acetate, embedded in paraffin, and sectioned sagitally at 15 pm. A one-in-live series ofsections was mounted and deparaffinized. A few brains were frozen-sectioned; these wcrc sectioned sagittally at 40 pm, and a one-in-four series of sections was mounted and defatted.
.4uforadiogruphic mahod. In 79 animals, ranging in age from PO to Pl8, 'H-proline was injected into the region of the dorsal subiculum. The animals were anesthetized and prepared for injection as above. In most cases, 5 PCi of 'H-proline (L-[2,3-'H](N) proline; specific activity, 30 Ci/mM; New England Nuclear) was injected in a volume of 0.05 r.11, but in some of the P18 animals as much as 20 PCi in 0.2 r.d was injected. In all cases the isotope was dried by vacuum centrifugation, reconstituted with distilled water, and injected through a blunt-tipped I ~1 Hamilton syringe. Between 12-24 hr later, the animals were reanesthctizcd; most were pcrfuscd through the aorta with 0.9% saline followed by 10% buffered neutral formalin, but a few of the younger animals were ancsthctized and dccapitatcd, and their brains fixed in Camov's.
The slides from all ofthe cases were coated with Kodak NTB-2 nuclear tract emulsion and stored at 4°C: for 4 weeks. The slides were developed in Kodak D-19 at 16°C and fxed in Ektaflo, and the sections were stained through the emulsion with thionin before being dehydrated and covcrslipped (Cowan et al., 1972) . A number of these cases had been the rcmaindcr were newly prepared.
Retrograde tracing experiments WC utilized the retrogradely transported fluorescent dye, Fast blue, as either an acute or a long-term marker in 38 experiments. In 33 of these cases the tracer was injected on P4. The rat pups were anesthetized with open ether, an incision was made in the scalp, a small hole was made in the skull, and the needle of a 1 ~1 Hamilton syringe was lowered into the region of the midbrain and pontine tegmentum. Between 0.1 and 0.3 r.d ofa 2% suspension of Fast blue was injected, the Hamilton syringe withdrawn, and the wound sutured closed. The pups were kept warm on a heating pad until they recovered from the anesthesia and could be returned to their mother. In 15 of these cases the pups were reanesthetized after a 3 d survival period and perfused through the aorta with 0.9% saline followed by IOI neutral buffered formalin. The remaining I8 animals were perfused on P22. The brains were removed and stored in 15Yo sucrose in 10% neutral buffered formalin at 4°C.
An additional 5 animals were injected on Pl8. These animals were anesthetized with 3.5% chloral hydrate and placed in a stereotaxic dcvice. The scalp was shaved and incised, and a burr hole was made in the skull with a Dremel drill. The needle of a Hamilton syringe was lowcrcd in the region of the midbrain and pontine tegmentum, and 0.3 ~1 ofa 2Yo suspension of Fast blue was slowly injected. After the injection the scalp was sutured closed and the animals were returned to their cages. On P22 these animals were reanesthetized and perfused as above.
The brains from all of these experiments were frozen-sectioned sagittally at 30 pm. Two one-in-five series were mounted, and the sections were examined and photographed under UV epi-illumination on a Nikon Optiphot microscope cquippcd with fluorescence illumination and a 100 W mercury bulb.
Results
Anterograde tracing experiments Since the observations made in the experiments involving 'Hproline are consistent with those obtained with WGA-HRP, we shall avoid repetition by presenting the results of these parallel series of experiments together rather than separately. In the animals in which the subicular complex was injected with an anterograde tracer on E20, there is a substantial amount of transported marker within the postcommissural fomix. The caudal extent ofthe labeled fibers within the dicncephalon varies somewhat among the 8 fetal brains. In some cases, labeled fibers can be followed only to about midway between the anterior commissure and the mamillary bodies, while in other fetuses from the same litter, heavy labeling continues through the hypothalamus and only begins to attenuate near the level of the mamillary complex (Fig. 1 ). This intercasc variability may result from teal differences among animals in the progress of the development of the brain, but we cannot eliminate the possibility that it is due to differences in the completeness of filling of the labeled developing axons. medially and actually extend slightly beyond the mamillary nuclei, alongside the interpeduncular fossa ( Fig. IQ . Here the number of labeled fibers diminishes rapidly, and in no case is label seen caudal to the interpcduncular fossa.
In none of the cases in which the labeling extends as far as the caudal hypothalamus is there any evidence of label within the mamillaty nuclei themselves (Fig. 1) . Rather, the labeled axons remain confined to a fairly sharply defined fiber bundle at the dorsolateral aspect of the mamillary nuclei. As they pass toward the caudal asDect of the mamillarv complex, they turn
The apparent number and extent of labeled fibers that continue past the mamillary bodies are much greater in animals injected on the day of birth (Figs. 2-4). As in the fetal animals, the labeled fibers turn medially, fairly abruptly, near the caudal end ofthe mamillary complex (Fig. 2) , and approach the midline et al. * Postmamillaty Component i n Developing Fornix Figure I . Dark-field photomicrographs of sagittal sections through the brain of a fetal rat injected with WGA-HRP into the dorsal subiculum on E20 and killed on E2 1. In this and subsequent figures, sagittal sections are shown with rostral to the left. In this case, labeled fibers can be followed to the caudal hypothalamus (A), where they pass above the mamillary bodies at their lateral margin (B). Note the absence of label within the mamillary bodies. Some labeled fibers continue caudal to the mamillary bodies (C). Scale bar in C = 250 pm in A; 150 pm in B and C. See Appendix for abbreviations used here and in the other figures.
in the region of the supramamillary decussation (the posterior hypothalamic decussation of Ganser, 1882). Here most turn sharply dorsally and some cross the midline. Beyond the supramamillary decussation, the bundle of labeled axons divides into several fascicles, all of which continue caudally medial to the fasciculus retroflexus (Figs. 3, 4) . Just above the interpeduncular nucleus these fascicles of labeled axons fan out in the midbrain tegmentum and, in most cases, can be followed no further. However, in some animals at this age, labeled fascicles continue caudally into the pons, near the region of the medial raphe nucleus. In a few cases, some labeled axons can be followed from the region of the supramamillary decussation directly dorsally, near the midline, at the level of the nucleus of Darkschewitsch. As far as we can determine, these variations in the distribution and extent of the postmamillary component of the fomix bear no simple relationship to the location or size of the injection site within the subicular complex. In the animals injected on the day of birth, there is, for the first time, some light labeling within the mamillary nuclei. At this age the amount of this labeling is quite small, and, in addition, it is only present close to the labeled fiber bundle (Figs.  3B, 4B) ; most of the mamillary gray itself is unlabeled. Neither at this, nor at subsequent ages, are labeled fibers seen in either the principal mamillary tract (Fig. 3C) or the mamillary peduncle, in which the efferent projections of the mamillary nuclei are found.
The distribution of the postmamillary fomix continues to expand during the first few postnatal days. In animals injected on P3, one finds the same 2 contingents of fibers of the postmamillary fomix that were present in those PO injected animals, which displayed the widest distribution (Figs. 5, 6 ). The largest contingent of labeled fibers curves caudally from the region of the supramamillary decussation medial to the fasciculus retroflexus, where, as a number of separate fascicles, the labeled fibers continue above the interpeduncular nucleus and pass into the pons near the dorsal portion of the medial raphe nucleus (Fig.  6 ). Several fascicles of labeled fibers peel off dorsally from these bundles and pass to the rostra1 part of the mesencephalic central gray and to the dorsal part of the pontine tegmentum, in the region of the third nerve nucleus and the dorsal raphe nuclei (Fig. 6) . A second, smaller, contingent of fibers leaves the region of the supramamillary decussation and arches dorsally to distribute fibers bilaterally through the region of the dorsal longitudinal fasciculus of Schiitz to the rostra1 portion of the central gray (Fig. 6) .
It should be emphasized that we do not know if any of the labeled fibers of the postmamillary component of the fomix form synapses anywhere along their distribution. It is worth noting, however, that there is no evidence in our WGA-HRP material of the fine dustlike reaction product that is commonly found within terminal fields in any of the regions within the distribution ofthe postmamillary fibers. After Pl, however, such fine terminal labeling is present within the mamillary nuclei in all of the relevant brains (Figs. 5, 6 ). Nonetheless, we cannot rule out the possibility that some synapses are formed by these transient axons.
Over the next several days the number and the distribution of the fibers in the postmamillary fomix become progressively smaller. In animals injected on P9 the contingent of fibers that pass medial to the fasciculus retroflexus is still evident (Fig. 7) , but it contains fewer labeled fibers than in the younger animals and the labeled axons cannot be followed as far caudally. This trend continues through the second and third postnatal week until the postmamillary component of the fomix is completely eliminated and the fomix system as a whole attains its adult configuration (Fig. 8) .
Retrograde tracing experiments To determine the cells oforigin of the postmamillary component of the fomix, we injected the retrogradely transported Buorescent dye, Fast blue, into the midbrain and pontine tegmentum in a series of rat pups on P4 since the postmamillary fomix reaches its greatest extent at about this stage. The animals were killed after a 3 d survival period. The dye injections were aimed at the midline, and we were careful to ensure that the injections did not encroach upon the mamillaty complex. In every brain large numbers of retrogradely labeled neurons can be seen in the subicular complex (Fig. 9A) . The vast majority of labeled neurons is confined to the subiculum itself, but some labeled cells are seen in the other retrohippocampal fields. Interestingly, in most cases a few labeled neurons are also present in the deep part of the pyramidal cell layer of the regio superior of the dorsal hippocampus itself, but only near the subicular border of this field. Within the subiculum itself the labeled cells are concentrated dorsally, but many cells are seen at more ventral levels as well. When the dendrites of the cells are labeled, it is clear that the neurons are pyramidal in form (inset in Fig. 9A) .
In a second group of rats, Fast blue was injected into the midbrain and pontine tegmentum at P18. When these animals were killed 4 d later, there was no evidence of retrograde labeling in the subiculum, or for that matter in any of the cortical regions included within the injection sites in our anterograde tracer experiments. There are, of course, many cells labeled in the cortical (Irle et al., 1984; Wyss and Sripanidkulchai, 1984; Torigoe et al., 1986a) and subcortical regions known to project to or through the midbrain and pontine tegmentum, including the mamillary complex itself (due to the involvement of the mamillotegmental tract: van der Kooy et al., 1978; Irle et al., 1984; Torigoe et al., 1986b) .
Finally, to establish the fate of the cells that give rise to the early postmamillary fornix, we injected Fast blue into the midbrain and pontine tegmentum as before in a group of P4 rat pups but allowed these animals to survive until P22. In these brains there are large numbers of labeled neurons in the retrohippocampal fields with a distribution essentially indistinguishable from that seen in the similarly injected young animals with acute survival periods (Fig. 9B) .
It is clear from this that most, if not all, of the cells giving rise to the postmamillary fornix survive for the first 3 weeks of postnatal life, and we therefore conclude that the elimination of the postmamillary fornix involves the selective elimination of axon collaterals that bypass the mamillary nuclei.
Discussion
The principal finding of this study is that in developing rats many of the axons in the postcommissural fomix initially overshoot the mamillary nuclei and during the first week of postnatal life fan out and extend into the midbrain and pontine tegmenturn. Subsequently, this postmamillary component of the fomix is completely eliminated, and the adult distribution of the fomix is attained. Since the cells within the subicular complex that give rise to this transient projection survive beyond the third postnatal week, we conclude that the postmamillary fibers are axon collaterals and that they are selectively eliminated without the death of the parent neurons.
Before discussing the implications of these findings, some comments are needed about the techniques we have used to identify the postmamillary fibers and the cells that give rise to these, since the experiments, by necessity, involve using animals of different ages. For example, it might be argued that a postmamillary component of the fomix is actually present in adult rats, but for some technical reason, it can only be detected in young animals. This possibility is suggested by previous reports (based on axonal degeneration methods) of a postmamillary component to the fomix in rats (Nauta, 1956; Valenstein and Nauta, 1959) . At least in some instances, these reports were undoubtedly complicated by the involvement in the experimental lesions of fibers that arose from structures other than the subicular complex. Most recent studies with axonal transport methods have provided no evidence for a postmamillary component to the fomix in adult rats (Swanson and Cowan, 1977; Torigoe et al., 1986a) . Further, even in those degeneration stud- Figure 5 . Dark-field photomicrographs of sagittal sections through the brain of a rat in which the WGA-HRP injection into the subicular complex was made on P3 and the animal killed on P4. A, Two fascicles of the postmamillary component of the fornix can be seen at this level. The larger bundle sweeps caudal into the midbrain, while the smaller contingent of fibers ascends fairly directly dorsal. B, In this more medial section the postmamillary component of the fomix is seen breaking into several smaller fascicles that extend further into the midbrain and pontine tegmentum. Note the marked increased labeling within the mamillary nuclei at this age. Scale bar, 0.5 mm. ies identifying such a pathway in the rat, it is described as mamillary labeling seen in our young animals may be the result comprising substantially fewer fibers than found in the preof transneuronal spread of the label through some fiber system mamillary fomix (Nauta, 1956) , while in our early postnatal other than the fomix, such as through the septum or through material, the postmamillary component is quite prominent.
the cells of the mamillary nuclei themselves; in fact, the distri-A second possibility that must be considered is that the postbution of the postmamillary labeling that we see does resemble . Dark-field photomicrograph of a sag&al section from the brain of a rat injected with WGA-HRP into the subicular complex on P9. Although heavy labeling is present in the mamillary bodies at this age, the postmamillary component of the fomix (arrow) is much reduced. Scale bar, 0.5 mm.
the distribution of the mamillotegmental bundle (Cruce, 1977; Shen, 1983) . There are several reasons for thinking that this is not the case. First, we can follow the labeled fibers within the fomix beyond the mamillary bodies in animals in which there is little labeling of the mamillary nuclei (Figs. 3, 4) . Moreover, in these cases there is no sign of labeling within either the principal mamillary tract or the mamillary peduncle (Fig. 3C) , in which the mamillary efferent axons pass. Last, the postmamillary component is intensely labeled even in cases with modest postinjection survival times that are likely to be too short to allow for any significant transneuronal spread of the label.
A third possibility is that the labeling seen in the WGA-HRP
The Journal of Neuroscience, October 1987, 7(10) 3357 experiments is retrograde rather than anterograde since it is known that some of the regions to which the labeled fibers in the postmamillary fomix could be traced project to the forebrain (e.g., the raphe nuclei and the locus coeruleus). In fact, many retrogradely labeled neurons are seen in these regions in our material. Perhaps the strongest argument against this is the finding that the postmamillary fibers can be labeled by the injection of 3H-labeled amino acids into the subicular complex. Since this cannot lead to the retrograde labeling of axons,* it seems fairly clear that we are dealing with an anterogradely labeled fiber system. Moreover, the labeled postmamillary fibers in our experiments follow a greatly different course from the trajectories of the efferents from the locus coeruleus and the raphe nuclei. For the most part, the latter travel outside the fomix (Azmitia and Segal, 1978) . Perhaps most critical, however, is the finding that large numbers of retrogradely labeled neurons can be seen within the subicular complex only in those cases in which the tegmental injections of Fast blue were made at an age when label is detectable in the postmamillary component of the fomix. Thus, we feel that our observations allow us to draw the following conclusions: (1) During the perinatal development of the rat, large numbers of subicular neurons extend axons through the fomix that initially grow beyond the level of the mamillary bodies and into the midbrain and pontine tegmentum; (2) the number and extent of these axons decrease during the second postnatal week, and this postmamillary component of the fomix is completely eliminated during the third postnatal week, and (3) many of the cells of origin of this pathway persist within the subiculum long after the postmamillary portion of their axons has been completely eliminated.
Although it seems likely, it remains to be demonstrated ex-* Even in those instances in which 'H-proline is known to be transported retrogradely, the axons themselves are not labeled at comparable survival times (Kiinzle, 1977;  LeVay and Sherk, 1983) . Figure 8 . Dark-field photomicrograph of sag&al sections from the brain of a rat in which the subicular WGA-HRP injection was made on P17. Although label is found in the fomix (A) and in the mamillary bodies (A and B), there is no evidence for the presence of a postmamillary component to the hippocampal fomix at this age. Compare the absence of label around the fasciculus retroflexus fi) with what is seen during the early postnatal period (see Fig. 6 ). Scale bar, 250 pm. perimentally that the neurons within the subiculum that transiently extend axons through the fornix and into the midbrain and pontine tegmentum are the same cells which, in the adult, maintain a projection to the mamillary bodies. Certainly the locale of these neurons within the subicular complex (Meibach and Siegel, 1975; Cowan, 1975, 1977; Donovan and Wyss, 1983) , the fact that they extend axons during development that attain the level of the mamillary bodies, and the finding that they do not die, all argue toward this view, as does the observation that when the postmamillary component of the fornix is at its peak, and there is substantial labeling within the mamillary nuclei themselves, the labeling within the fornix does not attenuate as one follows the labeled fibers beyond the level of the mamillary bodies (Figs. 5,6 ). Therefore, it seems probable that the subicular neurons that transiently extend axons beyond the mamillary bodies do come to participate in the maintained projection to the mamillary bodies; however, confirmation of this must await experiments employing a delayed double-label paradigm such as has been used to approach similar questions in other systems (Ivy and Killackey, 1982; O'Leary and Stanfield, 1985; Stanfield and O'Leary, 1985) .
If the axons of the postmamillary component of the fomix are indeed collaterals of the subicular axons that innervate the mamillary bodies, then one interesting aspect of our observations deals with the timing of the growth of these 2 collaterals. In the most advanced of our fetal cases, the labeled fibers have Figure 10 . These schematic drawings illustrate some of our findings. A, When the developing fibers of the fomix first reach the level of the mamillary bodies, they extend past without entering into the mamillary nuclei. B, Over the next several days, the fibers of the fomix enter into the mamillary nuclei as well as continue their caudal postmamillary extension. C, Subsequently, the postmamillary component of the fomix is eliminated, while the definitive projection to the mamillary nuclei remains and is elaborated. already passed the mamillary bodies (Fig. lc) , yet there is no hint of any label within the mamillary nuclei themselves. And in our newborn cases the postmamillary component ofthe fomix is well advanced, while there is minimal label present in the mamillary nuclei (Figs. 3, 4) . Thus, one interpretation would be that the mamillary collateral that is elaborated and maintained actually originates as an interstitial sprout from the trunk axon which grows past the level of the mamillary bodies, the distal segment of which eventually being eliminated (Fig. 10) .
It may seem somewhat counterintuitive that what will become the definitive collateral should arise as a secondary, interstitial sprout from a developing fiber. However, it is almost certainly true that axons utilize a cascade of cues in order to find their way to their target site, and it may be that a certain amount of time is needed before the cues that "attract" the axons to grow into their terminal zone can take over from the cues that had brought them so far along their course. Such a "waiting period" within the white matter before entry into the gray has repeatedly been seen during the development of cortical afferents, before those axons enter the developing cortex (Lund and Mustari, 1977; Rakic, 1977; Wise et al., 1977; Wise and Jones, 1978;  That this projection which we find transiently present in deKillackey and Belford, 1979; Shatz and Luskin, 1986) . Similarly, veloping rats is maintained and elaborated in some species sugcorticospinal axons are seen within the dorsal funiculus at a gests to us an explanation for the occurrence of this form of certain level of the spinal cord well before their entry within the regressive phenomena. It may well be that whatever cues the spinal gray at that level (Reh and Kalil, 1981; Schreyer and fibers of the fornix follow as they pass the mamillary bodiesJones, 1982).
A situation even more comparable to the present case is revealed in observations we recently made on the development of the transient occipital corticospinal projection in rats and hamsters (Stanfield and O'Leary, 1985; O'Leary and Stanfield, 1986) . Occipital cortical pyramidal tract axons extend well past the pons before any evidence of collateral entry into the pontine gray is seen. Only well after the corticopontine collaterals emerge, cues which may constitute what has been termed a "substrate pathway" (Katz and Lasek, 1979) -are present in the brains of all developing mammals and in all, the fibers of the fornix initially respond to these cues similarly and follow this pathway. In some species this projection is subsequently elaborated and maintained, while in others it is eliminated. Thus, it is neither the "substrate pathway" (which may be laid down rather early, both in ontogeny and in phylogeny) nor the initial response of enter, and arborize within the basilar pontine nuclei, are the the growing axons to it which varies among species, but, rather, distal portions, i.e., the pyramidal tract segments of these axons what differs exerts its effect later in development and has more eliminated (Stanfield and O'Leary, 1985; O'Leary and Stanfield, to do with the maintenance of projections than with their ini-1986). This, of course, is quite similar to the present results.
tiation. We should expect that such a phenomenon would not However, an important difference is that after the occipital pybe unique to the development of the fornix and that there will ramidal tract axons are eliminated, the pathway along which be other instances of differences among the adults of various they developed, the medullary pyramid, remains and carries the species in the distribution of what are clearly homologous pathdefinitive corticospinal axons arising from other cortical regions, ways that will be found to be the result of the elimination in while apparently no remnant of the postmamillary component some species and maintenance in others of a projection that is of the fornix is retained.
present during the development of all. While the postmamillary component ofthe fornix is not mainAn obvious issue raised by our findings is the nature of the tained in adult rats (Swanson and Cowan, 1977; cues responsible for the trajectory followed by the axons of the 1986a; and this study), such a projection apparently is present postmamillary component of the fomix. While a definitive statein mature animals in other species. This was first described in ment about this cannot yet be made, it seems likely that the experimental material by Edinger and Wallenberg (1902) using fibers of the fomix grow past the mamillary bodies upon some the Marchi method following hippocampal lesions in adult rabpreviously extended axonal bundles. Of course it is well known bits. Interestingly, in one group of rabbits (gewiihnlicken Hausthat axons tend to fasciculate, and thus late-arriving axons tend kaninchen) and in white mice, they were unable to find any to grow along previously extended fiber bundles. This is imevidence for a postmamillary component; in another strain of portant in the present context since it seems that many of the rabbits (Riesen-Lapins), though, this component was well defiber bundles within the region of the mamillary bodies are veloped-in fact, only a small contingent of fibers was seen already established well before the arrival of the fibers of the entering into the mamillary bodies. The distribution of the postfomix. There is virtually no experimental evidence outside of mamillary fibers we see in the neonatal rats is quite similar to that presented here to establish this point, but the observations what Edinger and Wallenberg (1902) described in this latter of numerous early workers on embryonic series from a variety strain of rabbits (compare their Fig. 10 with our Fig. 2) . Some of mammallian species are fairly consistent with regard to the years later, Gerebtzoff (194 l) , using the Marchi method, as well relative timing of the development of the major fiber tracts in as Sprague and Meyer (1950) using the Glees technique, conthis region: (1) The fasciculus retroflexus and the mamillotegfirmed the existence of a postmamillary component to the fomix mental tract are among the first formed bundles in this region, in the rabbit, although the descriptions of the distribution of and of these, the fasciculus retroflexus is often seen as arising these fibers differ in these studies. Nauta (1958) , using the earlier; (2) the mamillothalamic tract emerges from the principal Nauta-Gygax technique in cats, described the postmamillary mamillary tract at a somewhat later stage; and (3) at about this component of the fomix extending into the rostra1 region of the same stage, if not later, the fomix arrives within the region of midbrain central gray as being "quite massive." Yet according the mamillary bodies (His, 1904; Droogleever-Fortuyn, 19 12 ; to a recent study, the postmamillary component of the fomix van Valkenburg, 19 12; Shaner, 1932; Tello, 1934 Tello, , 1936 . seems to be of relatively minor importance in the squirrel mon-A similar, but more recent, study (and the only comparable key (Poletti and Creswell, 1977) .
work utilizing albino rats) is that of Coggeshall(l964). He conMarked variability is also found in the descriptions of the firms in this species that all of the major fiber bundles just magnitude, or even the presence, of the postmamillary commentioned are present in the region of the mamillary bodies ponent of the fomix among various species in studies utilizing well before the arrival of the fomix on E21.3 Of course, as we normal fiber strains (von Gudden, 1881; Ganser, 1882; Vogt, have shown, although sharing a similar distribution with the 1898; Tello, 1936 ). An extreme situation has been described in efferent bundles of the mamillary nuclei (Cruce, 1977 ; Shen, the brain of the African elephant, in which a well-developed 1983) the postmamillary component of the fomix does not fomix passes the mamillary bodies and breaks into fascicles that follow upon these fiber tracts. Nor do these fibers follow any continue caudally with only a very small number of fibers enof the other major fiber tracts in this region. Still, the point to tering the mamillary bodies themselves (Diepen et al., 1956 ).
be made is that the fibers of the fomix arrive late with respect Of course, it is not possible in normal material to determine what, if any, portion of the fiber tracts that are followed caudal to the mamillary complex actually arises in the hippocampal et al. -Postmamillary Component i n Developing Fornix to other related pathways in the region and thus they may continue past the mamillary bodies upon one or more, yet to be identified, earlier formed projections.
It would be of interest in this regard to investigate the development of the midbrain projections of the septal complex and of the hypothalamus, not only because these seem to be systems related to the fornix, but also since these projections are distributed, at least in part, similarly to the fibers of the postmamillary fomix (Nauta, 1956 (Nauta, , 1958 Guillery, 1957; Valenstein and Nauta, 1959; Saper et al., 1976 Saper et al., , 1979 Swanson and Cowan, 1979 
